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Over the past decades, the progress in the development of flexible functional materials has promoted the application of traditional electronics in a wide range, such as flexible transparent display,[1](#advs866-bib-0001){ref-type="ref"}, [2](#advs866-bib-0002){ref-type="ref"}, [3](#advs866-bib-0003){ref-type="ref"} wearable memory devices,[4](#advs866-bib-0004){ref-type="ref"}, [5](#advs866-bib-0005){ref-type="ref"}, [6](#advs866-bib-0006){ref-type="ref"} multifunctional sensors,[7](#advs866-bib-0007){ref-type="ref"}, [8](#advs866-bib-0008){ref-type="ref"}, [9](#advs866-bib-0009){ref-type="ref"}, [10](#advs866-bib-0010){ref-type="ref"} and etc. To meet the practical application requirements of flexible devices, besides the physical characteristics, the mechanical flexibility of functional materials gradually plays an important role in the materials selection.[11](#advs866-bib-0011){ref-type="ref"} For example, the change of resistance during repeated bending cycles is one of the most important benchmarks for the flexibility of soft electrodes. For flexible spintronics based applications, magnetic materials with high spin polarization as well as excellent mechanical flexibility are highly desirable to meet the requirement of high performance and stability.[12](#advs866-bib-0012){ref-type="ref"}, [13](#advs866-bib-0013){ref-type="ref"}, [14](#advs866-bib-0014){ref-type="ref"}, [15](#advs866-bib-0015){ref-type="ref"}, [16](#advs866-bib-0016){ref-type="ref"} In the previous studies, bending‐deformation‐related magnetic hysteresis (M‐H) loops have been found in several flexible epitaxial oxide thin films with high crystalline quality, such as CoFe~2~O~4~,[17](#advs866-bib-0017){ref-type="ref"}, [18](#advs866-bib-0018){ref-type="ref"} CuFe~2~O~4~,[19](#advs866-bib-0019){ref-type="ref"} LiFe~5~O~8~,[20](#advs866-bib-0020){ref-type="ref"} Fe~3~O~4~,[21](#advs866-bib-0021){ref-type="ref"} etc. The results indicate that the effects of bending‐induced mechanical strains on the magnetic properties are different for different materials. To meet the future demands in precise control and design of flexible spintronic systems,[19](#advs866-bib-0019){ref-type="ref"}, [21](#advs866-bib-0021){ref-type="ref"} it is of significant importance to establish the relationships between magnetic properties and complex mechanical motions. However, the knowledge of the bending coupled dynamic magnetic properties is still poor when integrating materials in flexible devices. Specifically, magnetocrystalline anisotropy, demagnetization field, and magnetostriction are often considered to play the key role in the coupling between bending and dynamic magnetism, but there is still lack of quantitative analysis for the specific contribution from the three factors.[22](#advs866-bib-0022){ref-type="ref"}, [23](#advs866-bib-0023){ref-type="ref"}, [24](#advs866-bib-0024){ref-type="ref"}

As one of the experimental techniques with high sensitivity, ferromagnetic resonance (FMR) is an effective tool for studying static and dynamic characteristics of magnetic thin films.[25](#advs866-bib-0025){ref-type="ref"}, [26](#advs866-bib-0026){ref-type="ref"} It can be employed to correlate the magnetic anisotropy (MA) to the structure of the sample. According to the report by Liu et al., bending deformation could effectively modulate the out‐of‐plane (OOP) FMR resonance field (*H* ~r~) in the (111)‐oriented CuFe~2~O~4~ thin films on flexible fluorophlogopite mica (F‐Mica) substrate, which provides opportunities for wearable mechanics‐magnetic sensors and flexible microwave signal processing devices.[19](#advs866-bib-0019){ref-type="ref"} Nevertheless, the complex in‐plane (IP) multidomain structure on F‐Mica substrate and strain‐sensitive magnetic properties of CuFe~2~O~4~ make it difficult to distinguish the contribution of the demagnetization field from that of the magnetocrystalline anisotropy. In addition, nanoscale materials with stable microwave dynamic magnetic properties under bending are highly required in the application of the next‐generation flexible spintronic devices.[16](#advs866-bib-0016){ref-type="ref"}, [27](#advs866-bib-0027){ref-type="ref"} For these requirements, a model sample with simple crystal structure is expected to allow further establishing the precious relationship between bending deformation and the tested FMR signals. Among various microwave ferrites, LiFe~5~O~8~ (LFO) is one of the promising candidates owing to its low loss at high microwave frequencies coupled with excellent magnetic properties.[28](#advs866-bib-0028){ref-type="ref"}, [29](#advs866-bib-0029){ref-type="ref"} In addition, LFO films have been reported to besuccessfully transferred onto flexible substrates by the wet etching and transfer methods.[16](#advs866-bib-0016){ref-type="ref"} Relative stable M‐H loops under bending were reported for the transferred LFO films, which was explained by the relatively low magnetostrictive coefficient.[20](#advs866-bib-0020){ref-type="ref"} Hence, it is expected that the flexible LFO films are reproducible with different OOP crystal orientations to investigate the origin of the bending tuned microwave magnetism in flexible magnetic thin films. Besides, the influence from the demagnetization field can be discussed by tuning the nanostructure of the LFO film, since it was reported that nanostructure could effectively modulate the demagnetization factor of materials.[30](#advs866-bib-0030){ref-type="ref"}, [31](#advs866-bib-0031){ref-type="ref"} In the former work, (111)‐oriented CoFe~2~O~4~ nanopillar arrays have been successfully grown on flexible fluorophlogopite substrates by the physical deposition and wet etching process, which can be further extended to form the LFO nanostructures.[22](#advs866-bib-0022){ref-type="ref"}

In this work, epitaxial LFO thin films (≈150 nm) with (001), (110), (111) OOP orientations have been successfully transferred on flexible polydimethylsiloxane (PDMS) substrates (see Experimental Section and Figure S1, Supporting Information), as shown in the inset of **Figure** [**1**](#advs866-fig-0001){ref-type="fig"}a--c. In addition, (111)‐oriented LFO nanopillar arrays were fabricated on flexible F‐Mica substrates. Angular‐dependent FMR measurements were conducted for all samples under released or bending states. Interestingly, it was shown that the variation of the main resonance field for the LFO samples under bending highly depends on the MA property of the samples under nonbending. In other words, the shape deformation induced easy axis deviation from its initial position is mainly responsible for the bending modulated FMR spectra in the flexible LFO samples, which can be roughly predicted by analyzing the MA energy of the sample with unbent state. This work provides a fundamental basis for the design of future FMR bending sensors or bending tunable/stable spintronic devices.

![XRD θ--2θ scans of A‐LFO and T‐LFO films with a) (001), b) (110), and c) (111) OOP orientations, respectively. Inset of (a)--(c): corresponding photographs of the T‐LFO films. FMR spectra of d) T‐LFO (001), e) T‐LFO (110), and f) T‐LFO (111) along IP (θ~H~ = 0°) and OOP (θ~H~ = 90°) orientations. g) Experimental (scatter) and fitting curves (dash line) of angular θ~H~‐dependent *H* ~r~ for T‐LFO films with different orientations. Upper left corner of (g): schematic illustration of FMR spectroscopy experimental set‐up for the film sample. h) *M* ~s~ of T‐LFO films with different OOP orientations. Inset of (h): a table listed the 4*πM* ~s~ value and the fitting parameters *H* ~eff~, *H~K~* ~1~, and *H~K~* ~2~.](ADVS-5-1800855-g001){#advs866-fig-0001}

To explore the crystal structure evolution during the etching and transfer process, typical X‐ray diffraction (XRD) θ--2θ scans were performed on the transferred LFO (T‐LFO) thin films and the as‐grown LFO/La~0.67~Sr~0.33~MnO~3~ (LSMO) films on SrTiO~3~ (STO) substrates (A‐LFO) with different crystal orientations. As shown in Figure [1](#advs866-fig-0001){ref-type="fig"}a--c, all of the LFO films show excellent single orientation without any detectable peaks of impurity phases. After the wet etching and transfer process, all of the peaks from the STO substrate and the LSMO buffer layer disappeared, only leaving the peaks from the transferred LFO phases. Compared with the as‐grown film, only tiny changes of interplanar spacing (\<0.1%) along OOP directions is found in the T‐LFO films, which are in the range of the test error. The lattice spacing of LFO (004) plane, LFO (110) plane, and LFO (111) plane are 2.08, 5.89, and 4.81 Å, respectively, revealing that all of the transferred films are fully relaxed. ϕ scans were conducted to confirm the IP crystal structural relation of the LFO films, as shown in Figure S2 in the Supporting Information. The azimuthal scan of the LFO layers with both (001) and (110) OOP orientations shows the same symmetry with that of the STO substrate, revealing typical single‐domain feature with the rotation pole along \[001\] and \[110\] in cubic, respectively. For the films on STO (111) substrates, the LFO layers exhibit sixfold symmetry, indicating a multidomain structure. Although we have not obtained the ϕ scan result for T‐LFO (111) dueto the low signal‐to‐noise ratio (SNR), according to the results for T‐LFO (001) and T‐LFO (110) films, it could be concluded that this transfer method retains the crystal symmetry of the as‐grown film.

FMR measurements were conducted on the T‐LFO films. As shown in the upper left corner of Figure [1](#advs866-fig-0001){ref-type="fig"}g, ***H*** represents the external magnetic field, which is set in the *xz*‐plane with an azimuthal angle θ~H~. ***M*** is the effective magnetization. θ~M~ and ϕ~M~ represent the azimuthal angles of ***M*** in the *xz*‐plane and in the *xy*‐plane, respectively. In the experiment, angular θ~H~‐dependent FMR signals were measured by rotating ***H*** in the *xz*‐plane. The bottom of Figure [1](#advs866-fig-0001){ref-type="fig"}d--f shows the relationships between the crystallographic orientations of the LFO films and the *x*, *y*, and *z* axes. As there exists an asymmetry in the experimental FMR lines due to the dispersion components of the susceptibility of the microwave electromagnetic field, modified Dyson function is applied to fit the experimental FMR lines,[32](#advs866-bib-0032){ref-type="ref"}, [33](#advs866-bib-0033){ref-type="ref"} as shown in Figure [1](#advs866-fig-0001){ref-type="fig"}d--f. From this fitting, the *H* ~r~ can be obtained with better accuracy. To understand the origin of the MA properties of the T‐LFO films with different crystallographic orientations, formula fitting method is applied based on the experimental results of the θ~H~‐dependent *H* ~r~. Considering the contributions of the crystal orientations and specimen shape, the free energy related to the magnetization of the films can be expressed as[34](#advs866-bib-0034){ref-type="ref"} $$\begin{array}{l}
{F = - HM_{s}\left\lbrack {\cos\theta_{M}\cos\theta_{H}\cos(\varphi_{M} - \varphi_{H}) + \sin\theta_{M}\sin\theta_{H}} \right\rbrack} \\
{\,\,\,\,\,\, + 2\pi NM_{s}^{2}\sin^{2}\theta_{M} - K_{u}\sin^{2}\theta_{M} + F_{MAE} + F_{ME}} \\
\end{array}$$

The first term is the Zeeman energy. The second one is the demagnetization field energy characterized by the saturation magnetization *M* ~s~ and the demagnetization factor *N* (*N* = *N* ~z~ = 1 for thin film). The third and fourth terms represent the OOP uniaxial anisotropy energy characterized by a constant *K* ~u~ and the magnetocrystalline anisotropy energies *F* ~MAE~ characterized by constants *K~i~* (*i* = 1,2,3...), respectively. The last term is the magnetoelastic energy, which is discussed by the orthogonal normal stresses model[35](#advs866-bib-0035){ref-type="ref"}(see more details in the Supporting Information). In this study, the T‐LFO films are fully relaxed so that the *F* ~MAE~ can be ignored. Hence, based on the Smit--Beljers formalism,[36](#advs866-bib-0036){ref-type="ref"} while neglecting the contribution from constant *K~i~* (*i* \> 2) and setting ϕ~M~ = ϕ~H~ = 0, the expression for the FMR frequency can be derived as$$\begin{array}{l}
{\left( \frac{\omega}{\gamma} \right)^{2} = \lbrack H_{r}\cos\left( {\theta_{M} - \theta_{H}} \right) + H_{eff}\cos\left( {2\theta_{M}} \right) + A_{1}\left( \theta_{M} \right)H_{K1} +} \\
{\,\,\,\,\,\,\,\,\,\,\,\,\, A_{2}\left( \theta_{M} \right)H_{K2}\rbrack \times \,\lbrack H_{r}\cos\left( {\theta_{M} - \theta_{H}} \right) - H_{eff}\sin^{2}\theta_{M} +} \\
{\,\,\,\,\,\,\,\,\,\,\,\,\, B_{1}(\theta_{M})H_{K1} + B_{2}\left( \theta_{M} \right)H_{K2}\rbrack} \\
\end{array}$$ $$\begin{array}{l}
{\frac{1}{M_{s}}\,\frac{\partial F}{\partial\theta_{M}} = H_{r}\sin\left( {\theta_{M} - \theta_{H}} \right) + \frac{1}{2}H_{eff}\sin\left( {2\theta_{M}} \right) +} \\
{\,\,\,\,\,\,\,\,\,\,\,\,\,\,\,\, C_{1}\left( \theta_{M} \right)H_{K1} + C_{2}\left( \theta_{M} \right)\, H_{K2} = \, 0} \\
\end{array}$$where ω is the microwave angular frequency, γ is the gyromagnetic factor (≈2.768 GHz kOe^−1^). *H* ~eff~ represents the effective field (*H* ~eff~ = 4*πNM* ~s~‐2*K* ~u~/*M* ~s~) that highly relates to the demagnetization field energy. *H~K~* ~1~ and *H~K~* ~2~ are the anisotropy fields (*H~K~* ~1~ = *K* ~1~/*M* ~s~, *H~K~* ~2~ = *K* ~2~/*M* ~s~) that mainly depend on the magnetocrystalline anisotropy.[37](#advs866-bib-0037){ref-type="ref"}, [38](#advs866-bib-0038){ref-type="ref"}, [39](#advs866-bib-0039){ref-type="ref"} *A* ~1~(θ~M~), *A* ~2~(θ~M~), *B* ~1~(θ~M~), *B* ~2~(θ~M~), *C* ~1~(θ~M~), and *C* ~2~(θ~M~) are decided by the film orientations, as shown in Table S1 in the Supporting Information. Figure [1](#advs866-fig-0001){ref-type="fig"}h collects the *M* ~s~ measured at room temperature by vibrating sample magnetometer systems. The corresponding M‐H loops are shown in Figure S3 in the Supporting Information. According to the formulas, the *H* ~eff~, *H~K~* ~1~, and *H~K~* ~2~ can be obtained by fitting simultaneously the Kittel\'s resonance equations with the experimental values of *H* ~r~ and ω/γ. In the inset of Figure [1](#advs866-fig-0001){ref-type="fig"}h, the values of *H* ~eff~, *H~K~* ~1~, and *H~K~* ~2~ are listed for the T‐LFO films, which are obtained by fitting the experimental data for the angular θ~H~‐dependent *H* ~r~ with the formulas, as shown in Figure [1](#advs866-fig-0001){ref-type="fig"}g. The formulas fit well with the experimental results of the T‐LFO (001), (110), and (111) films. It is clear that the contribution from *H* ~eff~ dominates the MA properties of the T‐LFO films with a relatively high *M* ~s~. When *M* ~s~ is not large enough, the *F* ~MAE~ influenced by the reduced symmetry of domain boundaries, interfaces, and roughness should have important effects on *H* ~r~.[40](#advs866-bib-0040){ref-type="ref"} More discussions on the contribution of *H~K~* ~1~ and *H~K~* ~2~ to the MA of the LFO films are given in the Supporting Information, which play the dominant role only at a relatively low *M* ~s~. According to the previous reports, the substrate orientations usually play an important role in the formation of interfacial antiphase boundaries in spinel ferrite.[41](#advs866-bib-0041){ref-type="ref"} Although all of the films were grown with almost the same thicknesses (≈150 nm), the different amount of interfacial defects could act as magnetic "dead" layers with different thicknesses, thus leading to the lowest *M* ~s~ in T‐LFO (111) films.[42](#advs866-bib-0042){ref-type="ref"} To further prove this, the T‐LFO (111)\* film with poorer crystalline quality was fabricated by reducing the growth temperature from 650 to 550 °C, whose full width at half maximum (FWHM) of XRD rocking curve was boarder than that for T‐LFO (111), as shown in Figure S4 in the Supporting Information. (The growth condition was present in the Supporting Information.) The FMR spectra lines for the T‐LFO (111)\* film were presented in Figure S5 in the Supporting Information. The nonzero noises at low scanning field come from the empty cavity, since FMR signals from the LFO (111)\* samples are much weaker than the others. Although we failed to simulate the FMR line of LFO (111)\* samples by the modified Dyson function due to the low SNR, the *H* ~r~ can be roughly evaluated by using the zero passage of the FMR lines, as shown in Figure [1](#advs866-fig-0001){ref-type="fig"}g. The corresponding fitting lines of *H* ~r~, fitting parameters and *M* ~s~ are also collected in Figure [1](#advs866-fig-0001){ref-type="fig"}g,h. However, the fitting does not conduct very well, which called for the higher order of MA energy contributions for satisfied fitting. The T‐LFO (111)\* film with poor crystalline quality showed lower MA in the FMR measurements, which further proved the main role that the *M* ~s~ (or *H* ~eff~) plays on the MA properties in the LFO films.

**Figure** [**2**](#advs866-fig-0002){ref-type="fig"}a displays the schematic illustration of FMR spectroscopy experimental set‐up for the sample under bending. The θ~H‐~dependent FMR spectra for the T‐LFO (001) film with unbent and bending states is shown in Figure [2](#advs866-fig-0002){ref-type="fig"}b,c, respectively. As shown in the top left corner of Figure [2](#advs866-fig-0002){ref-type="fig"}c, the bending axis is set along the y‐axis, which parallels to LFO \[010\] orientation in the whole bending film. The *x*‐axis and *z*‐axis are set along LFO \[100\] and \[001\] orientations of the central approximate nonbending unit cell, respectively. *R* represents the bending radius of the film, which is approximately the sum of the bending radius of the homemade bending mold and the thickness of the substrate. At a relatively small θ~H~ angle, the FMR spectra for the bent film retains the shape as the nearly uniform precession mode. When θ~H~ is higher than 40°, complex resonance modes gradually appeared, which are marked in Figure [2](#advs866-fig-0002){ref-type="fig"}c. Figure [2](#advs866-fig-0002){ref-type="fig"}d--g displays the contour plots of the θ~H~‐dependent integrated FMR absorption spectra for the T‐LFO (001) films with different bending states. Apparently increasing half width can be found in the bending films accompanied by the complex modes, which indicates the increasing loss. Moreover, it can be seen that the center of the red part in Figure [2](#advs866-fig-0002){ref-type="fig"}d--g decreases with increasing of 1/*R*, which relates to the main resonance absorption peak of the film. After 1000 bending cycles (Figure [2](#advs866-fig-0002){ref-type="fig"}h, in which the interruptions result from the low plot step of θ~H~ in the graph), the FMR spectrum retains its shape, showing excellent bending fatigue.

![a) Schematic illustration of FMR spectroscopy experimental set‐up for the sample under bending. Angular θ~H~‐dependent FMR spectra for T‐LFO (001) film with b) unbent and c) bending status. d--h) Counter plot of the θ~H~‐dependent‐integrated FMR spectra for the T‐LFO (001) film with different bending states.](ADVS-5-1800855-g002){#advs866-fig-0002}

In order to explain the bending tuned FMR spectra of the LFO film, a simplified model is established. As shown in **Figure** [**3**](#advs866-fig-0003){ref-type="fig"}a, ∆φ represents the central angle of the bending film, and ∆*φ = C*/*R*, where *C* is the length of the film along the bending directions. For a specific sample, *C* is a constant. Then, *R* can be considered as ∆φ dependent only. If we divide a bending film into a great amount of parts defined by a small dφ, the film could be approximately regarded as the collection of various crystal domains with different orientations along the direction of applied ***H***. In order to facilitate calculation, here dφ is set as 1°. The overall dimensions of the samples and the corresponding calculation of ∆φ are present in the Table S3 in the Supporting Information. Thus, the final FMR spectra of the bent film could be considered as the sum of the FMR signals for the divided pieces of the thin film with different angles between the OOP orientation and the applied ***H***. In other word, the basis of this model is the misorientation effect induced by bending, which makes the plane of the divided pieces deviate from the initial position and changes the included angle between the plane of the divided pieces and the direction of applied ***H***. Following this consideration, we simulate the FMR spectra of the bending films through the mathematical integral operations on the data for unbent film using the closest ∆φ values, as shown in Figure [3](#advs866-fig-0003){ref-type="fig"}b. Similar trend of graphic shape with decreasing *R* ~s~ (*R* ~s~ present the bending radius in the simulation, 1/*R* ~s~ = ∆φ/*C*) has been found in the simulated bending data in Figure [3](#advs866-fig-0003){ref-type="fig"}b, while the half width of the counter plot seems to be smaller than that for the experimental data in Figure [2](#advs866-fig-0002){ref-type="fig"}e--g. Figure [3](#advs866-fig-0003){ref-type="fig"}c displays the comparison of the experimental and the simulated result for a specific FMR spectra line obtained by the methods above. The simulated FMR lines show high similarity with the experimental FMR lines, especially for the position of the zero passages (*H~z~*). Although more than one *H~z~* value (*H~z~* ~0~, *H~z~* ~1~, *H~z~* ~2~) could be found for the blue experimental FMR line in Figure [3](#advs866-fig-0003){ref-type="fig"}c, there exists a set of very close *H~z~* values (*H~z~* ~0~ in Figure [3](#advs866-fig-0003){ref-type="fig"}c, which is defined as *H~z~* ~c~) between the experimental and the simulated lines. Here, we argue that existence of *H~z~* ~c~ should be attributed to the bending induced misorientation effect, which is also the main basis of the simulation. To further prove this, we list out all of *H~z~* values for the experimental FMR lines through a simple program, while that for the simulated lines is obtained by catching the maximum of the FMR absorption lines. Figure [3](#advs866-fig-0003){ref-type="fig"}d--f collects the *H~z~* for the experimental and simulated FMR result. The *H~z~* ~0~ (or *H~z~* ~c~), *H~z~* ~1~, *H~z~* ~2~ in Figure [3](#advs866-fig-0003){ref-type="fig"}c is marked in Figure [3](#advs866-fig-0003){ref-type="fig"}d. For each θ~H~, a set of very close *H~z~* values (*H~z~* ~c~) can always been found, which further proves the effect induced by the misorientation model. The *H~z~* ~c~ for the experimental and simulated result is further listed in Figure [3](#advs866-fig-0003){ref-type="fig"}g. It can be seen that the *H~z~* ~c~ of the films shows an overall falling trend at relatively high θ~H~ values with increasing value of 1/*R*, which fits very well with the simulated curves. The simulated change of *H~z~* ~c~ value (∆*H~z~* ~c~) for T‐LFO (001) films under bending at θ~H~ ranging from 0° to 90° is present in Figure S6 in the Supporting Information, according to which it could be possible to predict the bending state of the film by comparing the *H~z~* ~c~ data. The differences between the experimental and simulated *H~z~* ~c~ values are collected in Figure S7d in the Supporting Information. However, in comparison with the simulated data, the experimental FMR spectra show higher loss as well as complex modes in details, as shown in Figure S7a--c in the Supporting Information, where the experimental and simulated FMR lines under different conditions are compared. Here, we note that the break of symmetry and the effective field fluctuations associated with the MA of randomly oriented domains in the bending film may be considered as two effective factors for the complex modes of the experimental results.[43](#advs866-bib-0043){ref-type="ref"}, [44](#advs866-bib-0044){ref-type="ref"} As shown in Figure [3](#advs866-fig-0003){ref-type="fig"}a, the bending deformation induces a rotation of neighbor unit cell. From the volume perspective, every spin along the bending edge will deviate from its initial equilibrium orientation to accommodate spin flip over the spin chain, which might lead to the excitation of two‐magnon scattering (TMS) in the bending films.[43](#advs866-bib-0043){ref-type="ref"} According to the previous reports, TMS is an important type of spin wave, and plays an important role in the magnetic relaxation mechanism for the limit of gigahertz excitations, which corresponds to the high loss in the bending films.[45](#advs866-bib-0045){ref-type="ref"}, [46](#advs866-bib-0046){ref-type="ref"} The tensile strain should also be one of the factors responsible for the complex modes in the bending films, which is reported to favor excitation of the surface spin‐wave mode.[47](#advs866-bib-0047){ref-type="ref"}

![a) Diagram of the simple model for explaining the bending tuned FMR spectra of the LFO film. b) Counter plot of the simulated θ~H~‐dependent‐integrated FMR spectra for the T‐LFO (001) film with different bending status. Here, *R* ~s~ = *C*/▵ϕ. c) Comparison of the experimental and simulated FMR spectra lines for T‐LFO films at θ~H~ = 75°, *R* = 7.6 mm. d--f) Experimental (scatter) and simulation curves (dash line) of angular θ~H~‐dependent *H* ~z~ for T‐LFO (001) films under different bending states. g) Angular θ~H~‐dependent *H~z~* ~c~ for T‐LFO (001) films under different bending states.](ADVS-5-1800855-g003){#advs866-fig-0003}

It is revealed that the mathematic simulation based on the misorientation effect can roughly predict the bending tuned *H~z~* ~c~ of flexible LFO films. Because that the unbent T‐LFO (001) displays apparent MA in the FMR measurements (Figure [1](#advs866-fig-0001){ref-type="fig"}g), the misorientation effect further induces the bending tenable *H~z~* ~c~ during the tests. In other words, we argue that the bending tenability of *H~z~* ~c~ should highly depend on the MA property (or *H* ~eff~ values in Figure [1](#advs866-fig-0001){ref-type="fig"}h) of the unbent LFO film. Figures S8 and Figure S9 in the Supporting Information show the experimental and simulated data of the bending tuned FMR spectra for T‐LFO (111), respectively, whose *H* ~eff~ is lower than that for T‐LFO (001). Figure S10 in the Supporting Information displays the result for the T‐LFO (111)\* with the lowest *H* ~eff~ in the figure, whose SNR becomes too low to get precise simulated data. Compared with that for T‐LFO (001), the positions of the red parts of the integrated FMR spectra (the main FMR absorption peak) in Figure S8‐10 in the Supporting Information only change a little under bending, which proves the relationship between the MA property (or *H* ~eff~ values) of the unbent LFO film and the bending tuned magnetic properties.

Besides the contribution from the crystalline orientation, for nanoscale materials, it is reported that the MA of materials can be further modulated by tuning the size and space distribution of the nano unit.[30](#advs866-bib-0030){ref-type="ref"}, [48](#advs866-bib-0048){ref-type="ref"} Hence, we consider fabricating LFO nanopillar arrays (NP‐LFO) on flexible F‐Mica substrates. As shown in **Figure** [**4**](#advs866-fig-0004){ref-type="fig"}a,b, the NP‐LFO produced by chemical etching method shows excellent morphology (see Experimental Section in the Supporting Information).[22](#advs866-bib-0022){ref-type="ref"} The crystalline structure of NP‐LFO is ensured by the XRD results in Figure S11 in the Supporting Information, which also shows the (111) OOP orientation and IP multi‐domain structure. Figure [4](#advs866-fig-0004){ref-type="fig"}c displays the M‐H loops and FMR spectra along both IP and OOP orientations for NP‐LFO, which shows excellent soft ferrimagnetism with the highest *M* ~s~ among all LFO samples. The LFO film directly grown on the fluorophlogopite substrate (M‐LFO) with the same growth condition has also been measured for comparison. Modified Dyson function is applied to simulate the FMR spectra line and help find the *H* ~r~. As shown in Figure [4](#advs866-fig-0004){ref-type="fig"}d, a stable *H* ~r~ is found in the NP‐LFO sample, whereas in the M‐LFO, there exists an apparent MA. The fitting curves calculated by Equations [(2)](#advs866-disp-0002){ref-type="disp-formula"} and [(3)](#advs866-disp-0003){ref-type="disp-formula"} fit very well to the experimental data. According to the fitting parameters collected in the inset table of Figure [4](#advs866-fig-0004){ref-type="fig"}d, very low *H* ~eff~ has been found in the NP‐LFO sample, which should be result from the low *N* (*H* ~eff~ = 4*πNM* ~s~ − *K* ~u~/*M* ~s~) in nanopillar structure.[30](#advs866-bib-0030){ref-type="ref"} For nanoscale materials, *N* can be modulated by tuningthe size and space distribution of the nano unit.[30](#advs866-bib-0030){ref-type="ref"}, [48](#advs866-bib-0048){ref-type="ref"} Thus, according to the Equation [(1)](#advs866-disp-0001){ref-type="disp-formula"}, the decreasing of *N* (*N* \< 1 for nanopillar/nanodot arrays, *N* = 1 for film) could effectively decrease the demagnetization field energy (4*πNM* ~s~ ^2^sin^2^θ~M~), leading to the low maximum difference of *H* ~r~ (MDR) in NP‐LFO samples. Figure [4](#advs866-fig-0004){ref-type="fig"}e--h shows the counter plots of the θ~H~‐dependent‐integrated FMR spectra for the NP‐LFO (111) film with different bending states, which show nice stability under bending. It indicates that the low MA leads to the low tunability of *H~z~* ~c~. Further works are required to investigate the relationship between the bending tuned FMR spectra and the structure‐related demagnetization factor *N*. Besides, the different bending deformation mechanism of the nanopillar arrays should also contribute to the stability under bending.[22](#advs866-bib-0022){ref-type="ref"}

![a) SEM image of the NP‐LFO (111) showing the surface morphology. b) The cross‐sectional TEM image showing the microstructure of the NP‐LFO (111). c) FMR spectra measured along IP and OOP orientations for the NP‐LFO (111). The scatter and the solid line are the experimental FMR data and the modified Dyson line, respectively. Inset of (c): corresponding M‐H loops of the NP‐LFO (111) measured at room temperature (300 K). d) Experimental (scatter) and fitting curves (dash line) of angular θ~H~‐dependent *H* ~r~ for the NP‐LFO and the M‐LFO samples. Inset of (d) is a table, in which the fitting parameters *H* ~eff~, *H~K~* ~1~, and *H~K~* ~2~ are listed. e--h) Counter plot of the θ~H~‐dependent‐integrated FMR spectra for the NP‐LFO (111) film with different bending states.](ADVS-5-1800855-g004){#advs866-fig-0004}

**Figure** [**5**](#advs866-fig-0005){ref-type="fig"}a concludes the relationship among the 4*πM* ~s~, the fitted *H* ~eff~ and MDR for all flexible LFO samples. It can be seen that the MDR increases with the increasing of *H* ~eff~ for all samples, which is highly related to the demagnetization field energy. According to the former discussions, the high MDR relates to high bending tunability, and thus promises the application in bending sensors or flexible tunable resonators and filters, etc.[19](#advs866-bib-0019){ref-type="ref"} A representative example could be the T‐LFO (001) film, as shown in the red line of Figure [5](#advs866-fig-0005){ref-type="fig"}b. Bending could effective change the *H~z~* ~c~ due to the disorientation effect in the bending T‐LFO film. The low MDR means relatively stable FMR spectra under bending, which could be further applied in flexible spintronics that demand stable properties. In fact, according to our results, the MDR of the discussed T‐LFO films is not low enough to meet the requirement of stable bending properties. Besides, low SNR induced by the poor ferrimagnetism accompanied with low *M* ~s~ should also be avoided for future designs. Hence, NP‐LFO with low *H* ~eff~ (or demagnetization field energy) is prepared, which not only displays the lowest MDR among all samples in this work, but also retains a high *M* ~s~ to ensure the relatively high SNR. As shown in Figure [5](#advs866-fig-0005){ref-type="fig"}b, the NP‐LFO (111) film nearly retains the values of *H~z~* ~c~ under bending. From a practical point of view, nanopillar arrays is reported to have better bending flexible fatigue than films,[49](#advs866-bib-0049){ref-type="ref"} which can be a good choice for flexible devices with stable properties under bending.

![a) Diagram for the relationship among the 4*πM* ~s~, *H* ~eff~, MDR, and the promising application area of the LFO samples. b) The quantitative result of the bending radius *R*‐dependent *H* ~zc~ for T‐LFO (001) and NP‐LFO (111) at θ~H~ = 90°.](ADVS-5-1800855-g005){#advs866-fig-0005}

In summary, the relationship between the bending tunability of *H~z~* ~c~ and the MA properties of flexible LFO samples with different structures has been investigated and concluded on the basis of the FMR spectra tests. It is revealed that the MA properties of the T‐LFO films mainly contribute from the different *M* ~s~ induced by the growth mechanism of LFO on substrates with different OOP orientations. The bending tunability of *H~z~* ~c~ in the bending samples highly depends on the MA energy of the sample, and thus could be predicted by numerical simulations. With increasing MA energy, the *H~z~* ~c~ of the LFO sample exhibits increasing tunability under bending, which shows the potential in the application of bending sensors or flexible tunable resonators and filters, etc. For the application of bending stable flexible devices that needs low MA energy, materials with high *M* ~s~ as well as low *H* ~eff~ (or demagnetization field energy) are required to ensure the high SNR. Thus, we obtain the NP‐LFO that holds the balance of low MA and high SNR. This work shows guiding significances for the design of future flexible tunable/stable microwave magnetic devices.
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